Biofilms can provide a number of different ecological niches for microorganisms. Here, a multispecies biofilm was studied in which pyrite-oxidizing microbes are the primary producers. Its stability allowed not only detailed fluorescence in situ hybridization (FISH)-based characterization of the microbial population in different areas of the biofilm but also to integrate these results with oxygen and pH microsensor measurements conducted before. The O 2 concentration declined rapidly from the outside to the inside of the biofilm. Hence, part of the population lives under microoxic or anoxic conditions. Leptospirillum ferrooxidans strains dominate the microbial population but are only located in the oxic periphery of the snottite structure. Interestingly, archaea were identified only in the anoxic parts of the biofilm. The archaeal community consists mainly of so far uncultured Thermoplasmatales as well as novel ARMAN (Archaeal Richmond Mine Acidophilic Nanoorganism) species. Inductively coupled plasma analysis and X-ray absorption near edge structure spectra provide further insight in the biofilm characteristics but revealed no other major factors than oxygen affecting the distribution of bacteria and archaea. In addition to catalyzed reporter deposition FISH and oxygen microsensor measurements, microautoradiographic FISH was used to identify areas in which active CO 2 fixation takes place. Leptospirilla as well as acidithiobacilli were identified as primary producers. Fixation of gaseous CO 2 seems to proceed only in the outer rim of the snottite. Archaea inhabiting the snottite core do not seem to contribute to the primary production. This work gives insight in the ecological niches of acidophilic microorganisms and their role in a consortium. The data provided the basis for the enrichment of uncultured archaea.
Introduction
Acidification occurs often in mining areas where due to mining activities sulfide ores are exposed to an oxic environment. Interestingly, ferric iron and not oxygen is the most influential oxidant for pyrite (FeS 2 ), the most abundant sulfide mineral. The abiotic reoxidation of the produced ferrous iron is a rather slow process under low pH conditions. This process is enormously accelerated by the activity of acidophilic aerobic chemolithotrophic iron-oxidizing microorganisms (Singer and Stumm, 1970) . The end products of pyrite dissolution are sulfuric acid and ferric iron. Hence, acidic waters containing high concentrations of metals are formed. This process, called acid mine drainage, is a major threat for the environment in mining areas (Nordstrom, 2000; Johnson and Hallberg, 2005) .
A number of microbial species have adapted to acid mine drainage conditions. These are characterized by a high concentration in metalloids and sulfuric acid as well as the availability of only inorganic carbon and oxygen. Leptospirillum as well as Acidithiobacillus strains are well-known members of the microbial population in mining areas and fulfill the above mentioned chemolithotrophic requirements. The element cycling carried out by these pioneer organisms gives rise to other ecological niches, which can be colonized by further groups of microorganisms. Typically, biofilms are the macroscopic manifestations of such coexisting populations. In acidic habitats, these biofilms are not only found often in the form of acid streamers but also as snottites, which are morphologically similar to stalactites but have a rather gel-like character. Examples of such acidic biofilms can be found in a number of field sites (Bond et al., 2000; Hallberg et al., 2006; García-Moyano et al., 2007; Kimura et al., 2011) . Inside those biofilms, possible niches are defined, for instance, by the availability of inorganic and organic carbon as well as terminal electron acceptors. The characterization of these niches is important to understand the role of microorganisms in the biofilms and potentially enables isolation of so far uncultivated microorganisms.
Organisms that were found in acid mine drainage biofilms are primarily iron-and/or sulfur-oxidizing bacteria and archaea like Leptospirillum spp., Acidithiobacillus spp., Acidimicrobium spp., Ferrimicrobium spp. and Ferroplasma spp., as well as iron-or sulfur-reducing organisms like Acidithiobacillus spp., Acidiphilium spp., Acidimicrobium spp., Ferrimicrobium spp., Ferroplasma spp. or Thermoplasma spp. (Bond et al., 2000; Dopson et al., 2004; García-Moyano et al., 2007; Ziegler et al., 2009; Kimura et al., 2011) . Interestingly, some of the members of the Thermoplasmatales found by culture-independent methods in acidic mining areas are-judging from the 16S rDNA sequences-quite distinct from the isolated representatives (Rowe et al., 2007; Gonzalez-Toril et al., 2011) . Hence, it is possible to taxonomically classify them, but it has to be questioned whether these organisms have the same capabilities as the known isolates. Furthermore, novel archaea, called ARMAN (Archaeal Richmond Mine Acidophilic Nanoorganism) were recently discovered by shotgun sequencing of specimens that were sampled at the Iron Mountain Superfund Site in California. They belong to deeply branching lineages that were not found previously owing to mismatches of the hitherto believed universal archaea primer sets (Baker et al., 2006) . Using metagenomic and proteomic data, it was assumed that these novel archaea are aerobic chemoheterotrophs.
This study focuses on acidic biofilms that were found in an abandoned pyrite mine. Only three levels of this mine are accessible. Previously, biofilms from the adit level of the mine were studied (Ziegler et al., 2009) . Ziegler et al. (2009) described the bacterial community and mineralogy of this snottites. Leptospirillum ferrooxidans and Ferrovum sp. species dominated the microbial population, whereas archaea could not be detected. The aim of this study was to evaluate the different ecological niches that are occupied and formed by the microorganisms in biofilms of the first level, 29 m deeper than the adit level. Therefore, oxygen concentrations and pH values were recorded using microsensor measurement systems. These experiments were accompanied by cryo-laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), ICP optical emission spectrometry (OES) and X-ray absorption near edge structure (XANES) analysis to specify the chemical composition of the potential niches in a greater detail. The microbial composition of the biofilm was evaluated using catalyzed reporter deposition fluorescence in situ hybridization (CARD FISH). Furthermore, primary production in the biofilm was assessed using microautoradiography (MAR). Results of this study give insights into physiological capabilities of acidophilic microorganisms under environmental conditions. They additionally suggest an anaerobic lifestyle for members of the ARMAN, which were so far believed to grow aerobically. In order to proof the assumptions regarding the lifestyle of Archaea and ARMAN in the biofilm, enrichment experiments using anoxic culture techniques were started.
Materials and methods

Field site
All samples used in this work were exclusively snottite biofilms and collected from or studied at the first level of the abandoned pyrite mine Drei Kronen und Ehrt in the Harz Mountains in Germany. The mine has only three accessible levels. Lower parts of the mine were flooded. The adit level is located 428 m above sea level and was studied in the work from Ziegler et al. (2009) . The first level is 399 m above sea level. Differences in those two levels are in pH and iron concentrations as stated in the results of this work.
Metagenomic analysis DNA was isolated from 1 g snottite material from the first level according to the protocol from Lo et al. (2007) with the following modifications: frozen biofilm material was homogenized under liquid nitrogen using a mortar. Cells were then washed in 15 ml phosphate-buffered saline pH 2.1. After centrifugation, the pellet was resuspended in 5 ml 50 mM Tris pH 7.5/50 mM EDTA pH 8.0. In all, 150 ml lysozyme solution (100 mg ml À 1 ) was added and incubation took place at 37 1C for 1.5 h. Also, 1 ml STEP buffer containing 20 mg ml À 1 Proteinase K was added and incubated over night at 50 1C. The phenol/chloroform/isoamyl DNA extraction method was used as described before (Lo et al., 2007) . The shotgun metagenomic sequencing was done by a 454 GS Titanium (Roche, Branford, CT, USA). It produced the totality of 754 643 reads, with an average length of 366 bp. The contig assembly generated 10 573 continuous sequences with an average length of 1571 bp and a GC (guanine-cytosine) content of Ecological niches of acidophilic microorganisms S Ziegler et al 52.2%. Reads were analyzed using MetaSAMS (Zakrzewski et al., 2012) . Detected 16S rRNA gene sequences were further analyzed using the classification tool from the Ribosomal Database Project web interface (RDP Naive Bayesian rRNA Classifier Version 2.5, May 2012, confidence value of 80%) (Cole et al., 2009) . Using this binary identification procedure, 692 reads with classifiable 16S rDNA information were gained.
Restriction fragment length polymorphism analysis DNA was isolated from a frozen, homogenized biofilm using the innuSPEED Soil DNA kit (Analytic Jena, Jena, Germany) according to the manufacturer's instructions. Three different primer pairs were used for archaeal 16S rDNA amplification. General archaea primer (Supplementary Table S2 , primers 1 þ 2) and ARMAN primers (Supplementary Table S2 , primers 3 þ 4) were used. For further identification of archaea, the forward primer was deduced from the ARCH915 probe and applied together with an universal reverse primer (Supplementary Table S2 , primers 6 þ 5).
Sequence analysis 16S rDNA sequence analysis and similarity comparison were performed using the Ribosomal Database Project (http://rdp.cme.msu.edu) and the BLAST program of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). The phylogenetic tree was calculated using the neighbor-joining method. For further information see Supplementary 'Materials and Methods'.
Microsensor measurements
Oxygen concentrations and pH values were determined directly in the hanging snottites in the mine. The biofilm was moved slightly by the microsensor but stayed stable. The profiles were measured using a microprofiling setup from Pyro Science (Aachen, Germany).
14 C labeling Snottites were labeled with 14 CO 2 directly in the mine; 3 MBq (81 mCi) of NaH 14 CO 3 were used per snottite. A 1-L incubation chamber was mounted and sealed around the biofilms. The radioactive bicarbonate was dissolved in 100 mM Tris pH 10.5. Bicarbonate was converted to CO 2 gas by addition of 10 N H 2 SO 4 through an injection spot from the outside. The incubation time was 22 h. A pasteurized snottite was used as a negative control. It was treated as described above and incubated for 23 h. (Zielinski et al., 2009) . Afterwards, samples were subdivided in five pieces, embedded into Steedman's wax and cut with a microtome (Leica Microsystems, Wetzlar, Germany) in 5-6 mm slices and transferred to Polysine slides (Thermo Scientific, Braunschweig, Germany) (Steedman, 1957) .
CARD FISH
Embedded samples were first dewaxed and rehydrated. Hybridization and amplification was done as described by Pernthaler et al. (2004) with minor modifications as described in the Supplementary section SI Materials and Methods.
MAR FISH
The above described CARD FISH procedure was also used for the detection of CO 2 fixation. The MAR was performed in the dark room according to Rogers (1979) and Okabe et al. (2004) . Hypercoat LM1 (GE Healthcare, Freiburg, Germany) coated slides were incubated for 4 months.
Determination of elemental compositions
Cryo-laser ablation ICP-MS. LA-ICP-MS was performed by coupling the Elan6000 (Perkin Elmer/ Sciex, Rodgau, Germany) to the Indi-40 Spectra Physics LA system (basis wavelength 1064 nm). Within this work, the quadrupled wavelength of 266 nm was used. As LA chamber, the cryo chamber described by Kriews et al. (2001; and Reinhardt et al. (2001) was used with minor modifications that are listed together with scanning procedure in the Supplementary section SI Materials and Methods.
ICP-OES and ICP-MS. Sample preparation was conducted with whole flashfrozen snottite material from which the oxic parts (E1 mm) were dissected off using a razor blade. The samples from oxic and anoxic parts were centrifuged, thereafter filtered and subjected to ICP-MS measurement. The analyses were conducted in triplicate with ICP-OES Spectroflame (Spectro, Kleve, Germany) or ICP-MS X-Series II (ThermoFisher Scientific, Schwerte, Germany) instruments.
Iron and sulfate quantification. Iron und sulfate quantification was conducted from whole snottite biofilms from the first level of the pyrite mine. The biofilm was centrifuged at 10 000 g for 10 min, and the supernatant was analyzed. Ferrous and total iron were quantified as described before Ecological niches of acidophilic microorganisms S Ziegler et al (Stookey, 1970; Ziegler et al., 2009) . Sulfate quantification was conducted as described by Kolmert et al. (2000) .
S and Fe K edge XANES spectroscopy. Microtome slices of the embedded biofilm that were also used for the microsensor analysis between spots 1 and 2 of the oxygen measurements ( Figure 1A ) were fixed on a Kapton tape. S and Fe K XANES spectra have been recorded at different sample positions across the biofilm. Measurements were done at the X-ray beamline of the synchrotron radiation laboratory for environmental studies (SUL-X) of the synchrotron radiation facility ANKA (Karlsruhe Institute of Technology, Karlsruhe, Germany) with a wiggler as radiation source.
Cryo-SEM. Scanning electron microscope (SEM) images were taken with a Zeiss Ultra Plus SEM (Zeiss, Oberkochen, Germany) equipped with a thermal Schottky field emitter (Zeiss). Snottite samples were clamped on a sample holder, frozen by plunging them into liquid nitrogen and transferred to the cryochamber (Alto 2500, Gatan, Munich, Germany). Here, surface water was removed by sublimation at À 95 1C before the sample was sputtered with Pt and introduced to the microscope.
Archaea enrichment. Parts from snottite biofilms were inoculated in Hungate tubes containing a previously described anoxic medium (Huber and Stetter, 2001 ) to which 0.1% casein and 20 mM Fe 2 (SO 4 ) 3 were added. The head space of the tubes was flushed with an 80% CO 2 /20% H 2 gas mixture. Bacterial growth was inhibited by the addition of 2 mg ml 
Results
Characterization of the possible niches in the biofilm
Oxygen concentrations. Oxygen is a major parameter for niche formation. If oxygen is available, it will be used as primary electron acceptor even if some examples of simultaneous reduction of other electron acceptors are known (Johnson and McGinness, 1991) . Due to this accentuated role, the oxygen concentration throughout the biofilm matrix was determined first. Oxygen measurements were conducted in situ using intact snottites that were still attached to the mine ceiling. Thus, dehydration or deformations were prevented since the continuous water flow through the matrix was not interrupted and the shape of the biofilm maintained. Horizontal profiles were recorded along the longitudinal axes of the snottites to detect the spatial variations of O 2 concentration as a function of depth or the proximity to the pyrite-rich ceiling ( Figure 1A ). Oxygen measurements were conducted on four different snottites and all showed large anoxic parts inside of sections 1, 2 and 3 of the biofilm. Oxygen concentrations declined rapidly from the outer to the inner part of the biofilm. The oxic zone at section 1 of the biofilm ended already after 700 mm, indicating a high respiration rate ( Figure 1Ba ). The oxic part slightly broadened at the profiles 2 and 3. Here, the snottite is thinner and the concentration of reduced electron donors might In section 4 of the snottite, oxygen was detectable throughout the biofilm (Figure 1Bd ). Here, the biofilm thickness is about 1800 mm, and the respiratory consumption due to electron donor limitation might not be sufficient to result in an anoxic zone, which would explain oxygen detection even in the biofilm center. In summary, partial areas of the biofilm are anoxic or contain oxygen concentrations below the detection limit of 1 p.p.b.
( Figure 1C) .
pH values. Similar to oxygen, pH profiles were also recorded at different positions of the biofilm using a micro-pH-electrode. In contrast to the variations seen with oxygen concentrations, the observed pH values were quite constant and varied only slightly around 2.05 ( Figure 2) . Hence, the influence of pH on the distribution of microbial species is most probably not as pronounced as the influence from oxygen. pH measurements were conducted several times in four different snottites and never showed variations above the level shown in Figure 2 .
Elemental composition. Cryo-LA-ICP-MS from frozen cross sections was conducted to analyze spatial variations of selected elements throughout the biofilm. These variations could be due to a biologically induced secondary mineral formation or the simple capture of cationic species by the negatively charged microbial surface. The intensities of some measured isotopes were too low to differ substantially from the chamber background level. Concentrations of S, Fe, K, Na and Ni were above the detection limit but showed a rather constant distribution across the snottite (data not shown). To verify whether a difference in the concentration of dissolved elements between anoxic and oxic parts of the biofilm might exist, element concentrations were determined by ICP-MS or -OES using liquid samples from the anoxic and oxic regions of the biofilm (Table 1) . Most of the analyzed elements did not differ in their concentration between the oxic and anoxic part of the biofilm. Only Na and K concentrations differed by 410%. The concentration of dissolved Na is 1.6-fold higher at the anoxic center compared to the oxic area, while the K concentration in the anoxic part is only 0.7-fold of what was detected at the oxic part (Table 1) . Considering the amount of dissolved sulfur per liter (92-97 mM) as quantified by ICP-OES, it becomes evident that sulfate is the major contributor of the detected dissolved sulfur as the conducted sulfate quantifications from a whole biofilm via the method from Kolmert et al. (2000) reveal concentrations of 95 mM (±3.8 mM). The quantification of dissolved iron (47-50 mM) by ICP is in agreement with the quantifications of dissolved ferric (47.4±4.0 mM) and ferrous iron (8.3±1.5 mM) by the ferrozine assay (Stookey, 1970) . XANES spectra were recorded from cross sections to analyze species of the two major elements iron and sulfur throughout the biofilm (Supplementary Figure S1A) . The Fe K XANES spectra across two slices differ in shape and edge positions (Supplementary Figure S1B andC) . Via principal component analysis, only two iron species occurred over the whole biofilm. Although one species matches best with jarosite where Fe is trivalent, spectra with edges shifted to lower energies could not be identified directly (Supplementary Figures  S1B and C) . They represent either a Fe(II) species or a mixture of it with jarosite. The latter is assumed because the spectrum with the flank at the lowest energy of the series did not match with the ones of any known Fe(II) reference compound. Figure 1 . at 1.5 cm distance from the pyrite ceiling. The pH ranges between 2 and 2.5 but there is no trend between biofilm rim and center. Figure S2) . Hence, it is likely that the second Fe species originates from Fe(II), most likely dissolved in the aqueous phase or adsorbed on the organic constituents of the biofilm. The spectra that are closely related to jarosite could be measured in the oxic part of the biofilm but similar spectra were recorded also in the anoxic center (Supplementary Figure S1 B Figure S3) . The latter is in agreement with the positions known for sulfatic sulfur (S 6 þ ). Especially at the oxic part of the slices, sulfate is the dominant species, which correlates with the identification Fe K XANES spectra from the oxic areas that have been identified as containing a major fraction of jarosite. In comparison with appropriate references, peak 2472.4 could be identified as thiol group R-S-H and peak 2475.2 as a sulfoxide R-(S ¼ O)-R. Peak 2480.2 is related to RSO 3 units, here represented by anthraquinone-2-sulfonic-acid, which is only found in the anoxic part (Supplementary Figure S4) . Figure 1A ). The image shows that the whole biofilm is populated by bacteria but almost no archaeaderived signal is detectable. (d) Image of the upper part (Spot 1, Figure 1A ) of the snottite. The Acidithiobacillus species (THIO1, Alex 488 in green) are in the very outer and in the inner part while we see Leptospirillum ferrooxidans (LEP636, Alexa 546 in red) in a broad outer area. DAPI (4,6-diamidino-2-phenylindole) in blue shows all cells. (e) In the lower part of the snottite (Spot 4, Figure 1A ) where no anoxic zone was detectable (Spot 4, Figure 1A ), an unspecific distribution of the Leptospirillum (LEP636, Alexa 546 in red) and Acidithiobacillus (THIO1, Alex 488 in green) species is found. DAPI stain shows all organisms in blue.
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Microorganisms in the biofilm
First, hybridizations with general probes for bacteria (probe EUB 338, Supplementary Table S1 ) and archaea (probe ARCH915) were conducted. Cross sections from Figure 1A were analyzed by CARD FISH. At section 1 ( Figure 1A ), all detectable archaea inhabit the anoxic zone of the snottite and cannot be spotted in the oxic areas (Figures 3a and b) . Correlating with this observation, the cross section from area 4 ( Figure 1A ) of the biofilm contains very few to almost no archaeal signals (Figure 3c ). Thereafter, further identification of the microbial population was conducted using 454 pyro-sequencing of isolated snottite DNA from biofilms collected in the first level. Using this approach, 647 reads with 16S rRNA sequence information were able to be classified into a phylum. A total of 96.3% of these sequences (reads) could be attributed to the bacteria, while only 3.7% archaeal sequences were obtained. Within the bacterial sequences, about 74.1% could be ascribed to the genus Leptospirillum. As can be seen in Figure 4 , the next most abundant organisms are species belonging to the genus Acidithiobacillus (10.5% of the bacterial community). These results are supported by the CARD FISH experiments. Using more specific bacterial probes, we found that the bacterial community consists mainly of Acidithiobacillus sp.
(probe THIO1) and L. ferrooxidans (probe LEP636).
The probes for Leptospirillum group II (probe LEP154) did not result in any signal while we found occasional signals from Leptospirillum group III (probe LEP634) (data not shown). L. ferrooxidans species inhabit a major part of the oxic part of the biofilm rim. Acidithiobacilli can be detected not only in the oxic but also in the anoxic part of the cross sections (Figures 3d and e) . In summary, as shown by pyro-sequencing and CARD FISH experiments, the microbial population is mainly composed by bacteria, more precisely by Leptospirillum spp. and Acidithiobacillus spp. Interestingly, neither in the CARD FISH experiments nor in the sequencing data we could detect Ferrovum sp., which were found in former studies from the adit level of the mine (Ziegler et al., 2009 ). In the metagenomic data also, other typical acidophilic bacteria were detected in minor abundance-mainly Proteobacteria and Actinobacteria-like the ironreducing bacterium Ferrimicrobium sp. (Figure 4) . In former studies, no archaea were detected in biofilms of this mine (Ziegler et al., 2009 ). Due to the low coverage of the archaeal sequences from the metagenome, we used restriction fragment length analysis and subsequent sequencing to gain a deeper understanding of the archaeal community. General archaea primers failed to amplify an archaeal 16S rRNA gene signal. By contrary, primers deduced Ecological niches of acidophilic microorganisms S Ziegler et al from the archaeal probe ARCH915 combined with a universal primer and specific primers for the recently discovered ARMAN-enabled PCR product formation (Supplementary Table S2 ) (Baker et al., 2006) . Sequence analysis revealed the presence of clones most closely related to the ARMAN species described by Baker et al. (2006) as well as clones belonging to the Thermoplasmatales. The detected ARMAN clones (ARMAN-Clone_HM_4-46% abundant; ARMAN-Clone_HM_7-50% and ARMAN-Clone_HM_29-4%) cluster in the ARMAN branch together with other uncultured archaea clones from the Rio Tinto (Amaral-Zettler et al., 2011) . The Thermoplasmatales sequences are mainly related to a branch with uncultured representatives of this order, whereas one type (Archaea-Clone_HM_ 19-40% from all archaea clones) is related to Ferroplasma (Figure 5 ). The closest relatives to Archaea-Clone_HM_2 (42%), Archaea-Clone_ HM_20 (6%) and Archaea-Clone_HM_21 (13%) are so far uncultured representatives from other acidic environments found in the Iberian Pyrite Belt ( Figure 5 ) (Rowe et al., 2007; Amaral-Zettler et al., 2011; Gonzalez-Toril et al., 2011) . Based on the restriction fragment length polymorphism results, more specific probes for the detection of ARMAN and Thermoplasmatales were used. We see clearly the Thermoplasmatales signal correlating with the archaeal signal. Thermoplasmatales seem to represent the major group of archaea in the biofilm that is also corroborated by the 454 sequencing results (Figure 4 and Supplementary Figure S5A) . The ARMAN signal does not clearly correspond to the general archaeal probe but is always located in the same area (Supplementary Figure S5B) . In summary, archaea present in the biofilm are related to uncultured Thermoplasmatales and novel ARMAN species and prefer the anoxic part of the biofilm.
The described experiments identified the different niches within the biofilms and their microbial population. However, what was missing was a clear picture how this community might look under in situ conditions. Cryo-SEM was conducted to gain this information and the images display microorganisms embedded in a complex mixture of exopolysaccharide structures and secondary minerals ( Figure 6 ). Jarosite crystals with their typical pseudocubic habitus dominate the secondary minerals.
Enrichment of ARMAN
It was surprising to see that microbes belonging to the recently described ARMAN group were found exclusively in the anoxic parts of the biofilm, as it was assumed before that they rather have an aerobic lifestyle (Baker et al., 2010) . To corroborate this Table S2 , primers 1 þ 2), red sequences gained from the ARMAN primers (Supplementary Table S2 , primers 3 þ 4). The neighbor-joining method was used and bootstrap was calculated from 1000 replicates. Bootstrap values 450 are indicated in the graph.
Ecological niches of acidophilic microorganisms
S Ziegler et al finding, it was tried to enrich ARMAN from the biofilms using anoxic culturing techniques. A sample from the biofilm was inoculated in an anoxic medium containing casein and yeast extract as possible sources for heterotrophic growth. Ferric iron sulfate was added as electron acceptor. The medium was further supplemented with a mixture of antibiotics to hamper bacterial growth. Meanwhile, we were able to transfer the culture up to 12 times. Oxygen contaminations were excluded using periodic microsensor measurements. Figure 7 shows the results of the enrichment experiments. Bacteria could not be detected in the culture anymore. ARMAN were abundant in all the steps of the enrichment procedure. It was so far not possible to separate them from other organisms that were still present in the enrichment cultures. During the enrichment procedure, an attempt was made to exclude the addition of yeast extract or casein as well as ferric iron. Either yeast extract or casein have to be present in the medium, otherwise microbial growth cannot be detected. Furthermore, ferric iron is a necessary constituent of the medium.
Primary production 14 CO 2 labeling experiments were conducted to localize the uptake of atmospheric CO 2 in the biofilm. Furthermore, CARD FISH analyses were used to trace this activity back to microbial genera. These experiments were conducted in situ. The MAR FISH images show silver crystals in the rim of the snottite that are due to 14 CO 2 incorporation by autotrophic organisms (Figure 8 ). Correlations with fluorescent images reveal the exclusive influence of the bacterial community in CO 2 -based biomass production. Archaea (probe ARCH915) appear again only in the central part of the cross section and show no detectable sign of fixation of atmospheric 14 CO 2 (Figures 8a and b) . Of note, silver crystals should not be mistaken for secondary minerals in the center of the cross section. Mineral crystals shine very bright in different foci while the silver crystals stay dark (Figures 8b and c) . Further analysis revealed that Nitrospira (probe NTR712) and Acidithiobacillus spp. (probe THIO1) are the main primary producers. The CARD FISH signals correlate with the MAR spots in the outer part (Figure 8c ). The Nitrospira signal is derived from Leptospirillum spp. These organisms and the acidithiobacilli are known for their autotrophic lifestyle (Balashova et al., 1973; Gale and Beck, 1967) . Notably, fixation of atmospheric CO 2 is detectable only at the rim of the biofilm and rangesB30 mm in the inner part. However, Nitrospira and Acidithiobacillus spp. inhabit an area that is by far larger than these 30 mm, which raises the question whether dissolved H 2 CO 3 is the carbon source for Leptospirillum and Acidithiobacillus species that are localized to the inner part of the biofilm or whether the MAR FISH method was not sensitive enough to detect a probably lower rate of CO 2 fixation by these organisms.
Discussion
Microbial niches in the biofilm
The most surprising result of this study is the exclusive localization of archaea in anoxic areas of the consortium. Quantification of pH and the concentration of several elements did not point toward other factors contributing to niche formation. The detected archaeal sequences are related to the recently discovered ARMAN organisms as well as to uncultured Thermoplasmatales clones and organisms belonging to the genus Ferroplasma. Baker et al. (2010) proposed an aerobic lifestyle of ARMAN organisms based on metagenomic and proteomic data. This proposition is partly based on the abundance of a protein similar to succinate Ecological niches of acidophilic microorganisms S Ziegler et al ubiquinone oxidoreductases in the protein pool. This enzyme is well known for its position within the citric acid cycle. The canonical enzyme catalyzes the oxidation of succinate to fumarate (È 1 ¼ 0±10 mV) coupled to ubiquinone reduction (Clark, 1960) . It is most probably the redox potential of this reaction and the often seen downregulation of the citric acid cycle under anoxic conditions that might have led to the assumption of an aerobic metabolism of the ARMAN detected at Iron Mountain. Nevertheless, succinate ubiquinone oxidoreductases and the anaerobic fumarate reductase cannot be distinguished easily. Furthermore, it was shown that succinate ubiquinone oxidoreductases can also function with menaquinone (Maklashina et al., 1998) . Moreover, the citric acid cycle can be an integral part of the central metabolism also for anaerobic organisms. The used carbon source would have to be known in order to make an assumption as to whether the tricarboxylic acid cycle fulfills only a function in building block production or furthermore in the generation of reducing equivalents for anaerobic respiration. Additionally, other genes, potentially involved in a respiratory chain to oxygen, were not detected (Baker et al., 2010) . The revealed occurrence of enzymes responding to oxidative stress like the superoxide dismutase do not necessarily have to indicate an aerobic lifestyle as the detoxification mechanisms operate also in strict anaerobes (Brioukhanov and Netrusov, 2004) .
The Ferroplasma-related sequences detected in the biofilm show strong similarities to F. acidiphilum and 'F. acidarmanus'. While F. acidiphilum is a strict aerobic autotroph (Golyshina et al., 2000) , 'F. acidarmanus' is a facultative anaerobe that can respire anaerobically using ferric iron as an electron acceptor (Dopson et al., 2004) . Hence, organisms related to Ferroplasma could also inhabit an anoxic niche within the biofilm.
A number of the identified ribosomal rRNA gene sequences are similar to uncultured Thermoplasmatales and, from a phylogenetic point of view, only distantly related to the species isolated so far. The more related sequences from uncultured organisms stem from other acidic environments like the Iberian Pyrite Belt, including Rio Tinto (Rowe et al., 2007; Amaral-Zettler et al., 2011; Gonzalez-Toril et al., 2011) . Due to their remote position in the phylogenetic tree and as there is no isolated species belonging to these deeply branching organisms, it is not possible to assign certain physiological characteristics yet.
The main iron oxidizers in the studied bacterial consortium are L. ferrooxidans and Acidithiobacillus. They are also the most abundant microorganisms in the biofilm (Figures 3d and e and 4) . As expected, organisms belonging to the genus Leptospirillum can be detected solely in oxic parts of the biofilm, which is certainly due to the fact that they can only respire on oxygen with ferrous iron as an electron donor (Hippe, 2000) . Acidithiobacilli are found in the oxic as well as in the anoxic part. They can thrive aerobically and anaerobically using oxygen or ferric iron as electron acceptors (Pronk and Johnson, 1992) . Ferrovum sp. is meanwhile a third candidate for playing a role in ferrous iron oxidation at acidic conditions (Hallberg, 2010) . Brown et al. (2011) and Jones et al. (2011) proposed recently that pH and ferrous iron concentration could dictate whether Ferrovum or Acidithiobacillus might dominate a microbial consortium. Their assumption is corroborated by the results from this and a previous study from Ziegler et al. (2009) . In the adit level of the mine, the snottite biofilms contained Ferrovum species rather than acidithiobacilli, while Ferrovum species were not detected in the first level. This difference may be caused by pH (2.6 in the upper horizon, 2.05 in the lower The finding that archaea inhabit only the anoxic zone within a consortium of acidophiles was never shown before. Therefore this work gives new insights into the ecological niche of so far uncultured archaea belonging to Thermoplasmatales as well as to the ARMAN group first described by Baker et al. (2006) . Based on the characterization of the habitat of the organisms, it was tried to enrich for ARMAN. It was possible to transfer the organisms several times in anoxic media, which corroborates the hypothesis of anaerobic growth of these organisms within the biofilm. Nevertheless, it was not possible so far to grow ARMAN in pure culture. These organisms might depend on catabolic end products of other organisms like the detected Thermoplasmatales.
Primary production and secondary consumption Results from the conducted MAR FISH experiments suggest that primary production is mainly based on the CO 2 -fixing activity of L. ferrooxidans and Acidithiobacillus species. Both are known chemolithoautotrophs (Maciag and Lundgren, 1964; Balashova et al., 1973) . There is a clear uptake of the 14 CO 2 at the surface of the biofilm, but the signal disappears in a depth of about 30 mm inside. The signal loss can be either due to the detection limit of the MAR FISH technique or to the actual absence of active atmospheric CO 2 fixation deeper than 30 mm. Nevertheless, the center of the biofilm contains acidithiobacilli, which are-besides minor exceptions-obligate autotrophs. Hence, we have to assume that dissolved H 2 CO 3 in the water that runs through the biofilm will be another carbon source for autotrophic growth. Furthermore, the activity of heterotrophic organisms could lead to CO 2 production and hence support autotrophic growth. This would imply that a complete carbon cycle is present in the biofilm.
Possible physiology of the uncultured archaea
The remaining question is what the physiological activity of archaea in the biofilm could be. The conducted oxygen sensor measurements suggest a facultative or strict anaerobic metabolism. Ferric iron or sulfate would be available as respiratory electron acceptors. The enrichments indicate a heterotrophic growth of the archaea. Organic carbon, for instance, in the form of sugars or peptides is available in the biofilm matrix and could serve as carbon and/or electron source for heterotrophic growth. A fermentative lifestyle of the occurring archaea would also certainly be possible. The conducted XANES experiments lead us to a further hypothesis. Sulfur in the form of a sulfonic acid as well as a thiol are present in the biofilm. There are only a few examples of naturally occurring sulfonic acids in the environment (White and Zhou, 1993) . Adding the occurrence of a sulfonic acid and archaea together gives rise to the hypothesis that coenzyme M might have been identified via XANES analysis. Coenzyme M would be a very specific marker for the presence of methanogenic archaea, independent of whether they are hydrogenotrophic or acetoclastic (Elias et al., 1999) . These hypotheses need to be proven in isolated cultures. A first step towards this was done by the archaea enrichment experiments.
The results of this study and the hypotheses gained from these results are summarized in a model in Figure 9 . It seems obvious that a full carbon and iron cycle operates in the snottite biofilms. The consortium is based on primary production by Acidthiobacillus as well as Leptospirillum species.
Archaea occur in lower abundance and only in the center of the biofilm. They seem to operate as secondary organisms, which grow using organic carbon provided by the primary producers. Ferric iron might be the respiratory electron acceptor. Fermentative growth using organic molecules of the biofilm matrix would also be possible. Figure 9 Model of possible carbon and iron fluxes in a snottite from the first level. The oxic (grey) and anoxic parts (white) are indicated. Leptospirillum species are solely found in the oxic part, whereas acidithiobacilli are found in the oxic as well as in the anoxic part. The archaea could only be detected in the anoxic zone. In the oxic area, ferrous iron oxidation can take place while in the anoxic part iron reduction by Acidithiobacillus sp. and Ferroplasma sp. is possible. Additionally, the iron can be reduced abiotically via pyrite dissolution (grey arrows). Atmospheric CO 2 fixation could only be detected in the surface area, approximately in the first 30 mm. Behind this point, a possible carbon source could be dissolved H 2 CO 3 . The inorganic carbon can be fixed by the primary producers like the autotrophic acidithiobacilli and leptospirilla. Heterotrophic organisms like Ferroplasma sp. can use the resulting organic carbon sources to sustain their energy and carbon metabolism. The role of the uncultivated archaea is so far not proven but heterotrophic growth is most likely.
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